ABSTRACT: Controlling the composition of an interface is very important in tuning the chemical and physical properties of a surface in many applications including biosensors, biomaterials, and chemical catalysis. Frequently, this requires one molecular component to a minor component in a mixed layer. Such subtle control of composition has been difficult to achieve using aryldiazonium salts. Herein, aryldiazonium salts of carboxyphenyl (CP) and phenylphosphorylcholine (PPC), generated in situ from their corresponding anilines, are electrografted to form molecular platform that are available for further functionalization. These two components are chosen because CP provides a convenient functionality for further coupling of biorecognition species while PPC offers resistance to nonspecific adsorption of proteins to the surface. Mixed layers of CP and PPC were prepared by grafting them either simultaneously or consecutively. The latter strategy allows an interface to be developed in a controlled way where one component is at levels of less than 1% of the total layer.
INTRODUCTION
The benefits of introducing multiple functionalities through decorating a surface with organic layers have been well demonstrated in a large variety of applications, including surface wetting, 1 cell biology, 2,3 chemical sensing, 4 biosensing, 5, 6 and photosynthesis. 7 For example, alkanethiols have been used successfully in tailoring electrode surfaces with multiple functionalities in a controllable way in order to tune the chemical and physical properties of the surface. This has mainly been performed by exposing a gold substrate to a solution containing two alkanethiols with different functional groups. 8−10 The attractiveness of gold−thiol chemistry is the ease of forming well-organized monolayers with a controllable surface composition. 11, 12 Nonetheless, studies of alkanethiols on gold surfaces have revealed a few limitations with regards to the stability of the gold−thiolate bond and hence the stability of the resultant self-assembled monolayers (SAMs). It is reported that alkanethiols gradually desorb at temperatures over 100°C, leading to a mobile surface with the monolayer moving across the electrode surface. 13, 14 Furthermore, the surface-bound alkanethiol is prone to oxidation with resultant loss of the SAM from the surface. 15 Such limitations compromises the viability of using gold−thiol-based SAMs for some applications where long-term use or high temperatures are required.
Thus, it would therefore be desirable to develop an approach that yields a stronger bond between an electrode surface and an organic layer while maintaining a controllable surface composition. Covalent modification of conducting or semiconducting surfaces via electrochemically reductive adsorption of aryldiazonium salts is a promising alternative that has attracted wide attention in recent times. 16−18 In this regard, a mixed component from aryldiazonium salts with similar or different electrochemical reactivity can be formed on the electrode by depositing them to give multiple functionalities. 4,19−22 Reductive attachment of mixtures of aryldiazonium salts leads to a modified surface with mixed organic layers, but the final structural composition is hard to control due to the high and unselective reactivity of the aryl radicals generated. 14 Furthermore, it was found that the ratio of the two components on the surface is dominated by the reduction potentials of the two aryldiazonium salts as distinct from their ratio in solution; the more easily reduced (more positive reduction potential) diazonium salt gives greater surface coverage than expected from its concentration in solution. 6, 23, 24 One exception to the above statement about poor control over layer composition due to different redox potentials of reductive adsorption has been demonstrated by the Gooding group where supramolecular interactions between the two aryldiazonium species bearing −SO 3 − or −N + (CH 3 ) 3 in solution ensured that the ratio on the surface of the two components was always 1:1 even if different molar ratios were used. 22 Of course, such a strategy does not allow low amounts of one component in a background of another to be formed. Gam-Derouich and co-workers have recently reported that formation of a mixed layer surface with both antifouling and biorecognition properties through electrografting of 4-benzoylphenyl layer (BP) and surface-initiate photopolymerization of polyglycidol on BP. In that case the polyglycidol layer is a high-impedance layer, which blocks electron transfer, and the surface composition was not controlled in their study, and hence the work is less suited to electrochemical sensors. 25 A sophisticated example of forming mixed layers using aryldiazonium salts is where a surface was modified with a mixture containing a molecular wire and a diluent that provided resistance to nonspecific adsorption of proteins to give electrodes for efficient electron transfer to redox proteins 26 and for immunosensors. 6, 27 These electrodes were shown to be effective in a complex media. In the immunosensor study, an oligophenylethynylene molecular wire and an oligo(ethylene glycol)-terminated antifouling component were attached on a glassy carbon surface. 6 The molecular wire enables electrochemical communication between the electrode and a redox species attached to its distal end, and the oligo(ethylene glycol) layers resists nonspecific adsorption of proteins to the surface. For immunosensor applications, the ideal interface was composed of a small amount of molecular wire in a background of dominating oligo(ethylene glycol). However, because the molecular wire was reductively adsorbed at a more positive redox potential than the oligo(ethylene glycol), even a 1:100 ratio of molecular wire to oligo(ethylene glycol) in solution resulted in only an approximate 1:3 ratio on the surface. This study illustrates that in a simultaneous electrodeposition strategy there is poor control over the surface composition when the two components do not have the same redox potentials.
Hence, a precise control over the surface composition is required to realize that one component is highly diluted while another component dominates the surface. This is especially crucial for making cell chips or electrochemical biosensors where the recognition component is diluted in an antifouling film so that interactions with target analytes are not sterically hindered and nonspecific protein adsorption is minimized. 28−30 In this work, we are aiming to achieve control over the surface composition of aryldiazonium salt-derived mixed layers where one component is in excess of the other. Our interest is in developing an interface for biosensing applications, and very recently we have reported that aryldiazonium salts produced from zwitterionic 4-aminophenylphosphorylcholine can be electrodeposited on glassy carbon, 31 gold, 32 and indium tin oxide (ITO). 33 The resulting modified electrodes are resistant to nonspecific protein adsorption, but the coating is of sufficiently low impedance that the electrode was still capable of supporting appreciable electron transfer across the layer. Hence, to render this idea compatible with biosensing In the former strategy, PPC and CP diazonium salts were deposited from mixtures of PPC and CP aryldiazonium salts at different molar ratios. In the latter strategy, PPC diazonium salt was selectively deposited first, followed by depositing CP diazonium salts on PPC modified surface. PPC−CP and PPC/CP were used to distinguish and represent mixed layer deposited by simultaneous and consecutive strategies, respectively.
Langmuir
Article interfaces requires an additional minor component in the interface for attaching biomolecules used as the recognition element in a biosensor. How to fabricate such interfaces is the purpose of this study. Specifically, a mixed layer surface containing a phenylphosphorylcholine (PPC) group and a carboxyl phenyl (CP) group formed on an ITO surface was investigated. A comparison was made between the control over the layer composition achieved using simultaneous and consecutive electrodeposition strategies (Scheme. 1).
EXPERIMENTAL SECTION
2.1. Reagents and Materials. Dichloromethane, methanol, K 2 CO 3 , NaNO 2 , KCl, NaCl, HCl (32%), KH 2 PO 4 , and Na 2 HPO 4 were purchased from Ajax Finecham (Sydney, Australia). 4-Aminophenylphosphorylcholine was obtained from Toronto Research Chemicals (Toronto, Canada). Human serum albumin (HSA), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC), and N-hydroxysuccinimide (NHS) were acquired from Sigma (Sydney, Australia). ITO-coated glass slides (15−30 ohm/sq, 6480-AB) were obtained from SPI (West Chester, USA). All chemicals were used as received unless otherwise stated and aqueous solutions were prepared using Milli-Q water (18 MΩ cm −1 , Millipore, Sydney, Australia). 1-Propylamino-1,2,3-triazole-4-ferrocene was synthesized using a "click" reaction with ethynylferrocene and 3-azido-1-propylamine as described by our group elsewhere. 34 Phosphate-buffered saline (PBS) was used to dissolve HSA.
2.2. Modification of ITO Electrode Surfaces. ITO electrodes were sonicated successively with dichloromethane (DCM, 10 min), methanol (10 min), and 0.5 M K 2 CO 3 in 2:1 (volume ratio) of methanol:H 2 O (30 min), followed by rinsing with copious amounts of Milli-Q water and were dried under a stream of nitrogen. The electrodes were then modified either by cycling the potential between 0.2 and −0.65 at 0.1 V/s in a 0.1 M HCl solution containing a diazonium salt mixture of PPC and CP (molar ratio 1:1) and equivalent amounts of NaNO 2 or by a potentiostatic method through fixing the potential at −0.6 V for different durations.
2.3. Electrochemical Apparatus. Cyclic voltammetry (CV) measurements were performed with an Autolab potentiostat (Metrohm Autolab B.V., Netherlands); ac voltammetry and electrochemical impedance spectroscopy (EIS) experiments were conducted using a Solartron SI 1287 electrochemical interface coupled with an SI 1260 frequency response analyzer (Solartron Analytical, Hampshire, England). All electrochemical experiments were carried out in a 2.0 mL one-compartment custom-made electrochemical cell comprising of a conventional three-electrode system, in which an O-ring was placed on the substrate to prevent solution leakage and to limit the contact area to a circle with surface area of 0.24 cm 2 . Electrochemical experiments were performed using ITO-coated glass as the working electrode, an Ag/AgCl (3.0 M KCl) as the reference electrode, and a platinum wire as the counter electrode. 6 ]. The electrodeposited surfaces (PPC/ITO, CP/ITO, PPC/CP/ITO) were rinsed thoroughly with water before adding them to the solution containing the redox probe, and EIS measurements were then performed. Subsequently, these electrodes were rinsed with water and PBS, followed by incubation in an HSA solution (1 mg/mL HSA in PBS) for 1 h. The electrodes were then rinsed thoroughly with PBS and Milli-Q water, followed by EIS measurement in a fresh redox probe solution. EIS spectra were recorded in the frequency range of 10 5 −10 −1 Hz. An ac potential with 0.01 V peak-to-peak separation was superimposed on a dc potential of 0.212 V. Impedance data was recorded and analyzed using ZPlot and ZView 3.1 software (Scribner Associates, Inc.), respectively.
2.5. X-ray Photoelectron Spectroscopy Characterization. XPS spectra were obtained using an EscaLab220-IXL spectrometer equipped with a monochromated Al Kα source (1486.6 eV), hemispherical analyzer, and multichannel detector. The spectra were accumulated at a takeoff angle of 90°with a 0.79 mm 2 spot size at a pressure of less than 1 × 10 −8 mbar. Binding energies of elements were corrected with reference to graphite C 1s (284.6 eV). The XPS spectrum was analyzed with the Avantage software, involving background subtraction using the Shirley routine and a subsequent nonlinear least-squares fitting to mixed Gaussian−Lorentzian functions. The atomic concentration (atom. %) of individual elements was determined from the relative peak area of the spectrum and the corresponding sensitivity factors according to eq 1:
where A i is the area of the element i and s i is the sensitivity factor for this element. The sensitivity factors for P 2p, O 1s, C 1s, and N 1s are 1.19, 2.93, 1.00, and 1.80, respectively. The thickness of the deposited layer on ITO is estimated from the relative attenuation of the In 3d signal, using
where d is the layer thickness, λ is the photoelectron escape depth of In 3d which was estimated to be 3.5 nm, 35 θ is the takeoff angle (90°u sed in our experiment), and I/I 0 is the ratio of the In 3d peak intensities (modified surface/bare surface).
RESULTS AND DISCUSSION
Prior to examining the mixed layers formed by arydiazonium salts of CP and PPC, the reductive adsorption behavior of the two individual salts and the mixture of the two salts was investigated. A typical cyclic voltammogram of a 1 mM CP diazonium salt solution on the ITO surface shows a single irreversible reduction peak at −0.26 V (Figure 1a ) during the first reduction scan whereas PPC diazonium salts shows a reduction peak at −0.54 V (Figure 1b) . Importantly, the cyclic voltammogram of a mixed PPC−CP diazonium salts solution (Figure 1c ) exhibits two reduction peaks (appeared at potentials comparable to those in Figure 1a ,b) in the first cycle, while in the following scans only the redox wave corresponding to CP diazonium salts was observed.
3.1. PPC−CP/ITO from Simultaneous Electrografting Strategy. A mixed layer surface of PPC−CP/ITO was first obtained by two voltammetric cycles in a solution of PPC−CP aryldiazonium salt mixture with a 1:1 molar ratio. The resultant surface was characterized by XPS and shown in Figure 2 . The characteristic peaks for phosphorus (135 and 132.8 eV) and quaternary nitrogen (−N + (CH 3 ) 3 ) peak (403 eV) from the P 2p and N 1s narrow scans, respectively, allow the identification of PPC on the surface while the 289 eV in the C 1s narrow is indicative of the −COOH of CP. The surface ratio of P/N (using atom % (P)/atom % (−N + (CH 3 ) 3 ) was found to be around 1:1, which is in good agreement with theoretical value of phosphorylcholine moiety of PPC. Thus, COOH and P were selected as XPS markers for CP and PPC, respectively. The surface ratio of PPC:CP was found to be 1:20 by using atom % (P)/atom % (COOH) (eq 1), which was not only significantly different from the 1:1 molar ratio in the deposition solution but also a long way from the desired outcome of a low amount of CP in a layer dominated by PPC.
To further study the relationship between molar ratio in solution and the corresponding surface ratio, a depositing potential of −0.6 V (at which both PPC and CP diazonium salts can be reduced at same time) was chosen, in which the molar concentration of PPC was fixed at 1 mM while the CP concentration in the deposition solution was varied. For example, to obtain a mixture solution with 1:5 or 10000:1 molar ratio (PPC:CP), the concentration of CP was adjusted to 5 mM or 0.1 μM while keeping the concentration of PPC at 1 mM. As shown in Figure 3 , the increase in surface ratio of PPC/CP lagged far behind the molar ratios in solution, for example, when the molar ratio of PPC:CP was 1:5, 10:1, and 100:1, the surface ratio was found to be 1:13.8, 1.4:1, and 3.7:1, respectively. Even with 10 000 times greater amounts of PPC over CP, the surface ratio of PPC:CP increased to only 6:1. This can be explained by the more positive reduction potential of the CP diazonium which makes it easier to be reduced on the surface as compared to the PPC diazonium cations. It is believed that the grafting of the radicals is in competition with their reduction, 36, 37 leading to initially grafted CP species possibly inhibiting the adsorption of PPC to the surface. 25 Such an assertion is also supported by the absence of a peak for PPC diazonium salts after the first cycle in the cyclic voltammogram of the diazonium salt mixture of PPC and CP shown in Figure  1c . A similar finding has been reported by Beĺanger and coworkers 24 by depositing a binary mixture of 4-nitrophenyldiazonium cations (reduction potential 0.2 V) and 4-bromophenyldiazonium cations (reduction potential −0.2 V) on glassy carbon. In the cyclic voltammogram recorded in such a mixture, only the reduction peak of nitrophenyldiazonium cations was observed. They also found that the grafted layer was always richer in nitrophenyl groups than in bromophenyl groups in comparison to the corresponding concentration of the diazonium cations in the deposition mixture when applying an over potential of −0.7 V. Interestingly, in the simultaneous electrografted PPC−CP mixed layer/ITO surface, the azo group intensity (located at ∼400 eV) seems to be positively correlated with the molar fraction of CP in the deposition solution but negatively correlated with that of PPC (Figure 4 and Figure S2 ). For example, when the molar ratio of PPC−CP is 1:5, the azo group dominates the total N, being 78% as shown in Figure  S2c , while when the molar ratio of PPC−CP is 10000:1 (Figure  4f ), the quaternary nitrogen (−N + (CH 3 ) 3 ) peak dominates the total N at 88%. These results indicate that CP diazonium cations can not only graft directly onto the ITO surface but also graft onto already deposited molecules to form multilayers. 38, 39 The results from the deposition of the individual aryl diazonium salts also showed that CP diazonium salt tends more likely to form the azo group in the layer than PPC diazonium salt ( Figure S1 ).
3.2. PPC/CP/ITO from Consecutive Electrografting Strategy. As shown above, in the simultaneous electrografting strategy, the relative reactivity of the two aryldiazonium salts plays a key role in the surface composition. Thus, when a mixture of aryldiazonium species are present in solution, the one with higher reactivity dominates the surface composition irrespective of what molar fraction it represents in the solution. To achieve better control over the ratio of the two components on the surface such that one can enable the poorly reactive diazonium species to dominate on the ITO surface, a consecutive electrografting strategy was used. In this strategy, the PPC diazonium cations were selectively deposited first at −0.6 V with higher concentrations and longer deposition times, followed by the electrodeposition of CP diazonium salts with a depositing potential at −0.1 V, lower concentrations, and shorter deposition times. It was found that a condition that deposited 1 mM PPC diazonium salts at −0.6 V for 5 min, followed by depositing CP from highly diluted (1 nM) solution at −0.1 V for 5 s, gave surfaces with a ratio of 200:1 PPC/CP (shown in Table. 1).
The CP layer was believed to grow mainly on the PPC layer due to the steric hindrance of the PC moiety and the multilayer structure of PPC (2.5 nm thickness, assumed to be about three layers considering length of PPC is around 0.8 nm). Evidence from cyclic voltammograms showed that the reduction peak of CP on bare ITO is −0.26 V, while for CP on PPC/ITO (consecutive electrografting) the peak moved more positively to −0.2 V, indicating that CP was mostly growing on the PPC layer.
3.3. Evaluation of Protein-Resistant Behavior. Even though this method of forming mixed layers from aryldiazonium salts should be reasonably general, the purpose of forming mixed layers specifically from PPC and CP was to develop biosensing interfaces. In such interfaces, PPC would provide resistance to nonspecific adsorption of proteins while the CP would allow biorecognition molecules to be attached. In our previous study, 20 CV scans on ITO were required to form PPC layers with good antifouling ability. 33 Considering there is a risk that the deposition of CP on PPC may shield the PC moiety and affect the surface antifouling behavior, the deposited amount of CP in the consecutive electrografting approach was adjusted to retain the antifouling behavior and accessibility of the carboxylic acid group of the mixed layer/ ITO surface. This was examined by incubating the modified surfaces in a HSA solution and further decoration of ferrocene, respectively.
The antifouling behavior of the resultant mixed layer/ITO surfaces was studied using electrochemical impedance spectroscopy, in which bare ITO, PPC/ITO, and CP/ITO surfaces were used as controls. For functionalized surfaces of PPC/ITO (before HSA incubation, 493 ± 4.7 Ω cm 2 and after HSA incubation, 503 ± 10 Ω cm 2 , Figure 5c ) and PPC/CP/ITO (before HSA incubation, 542 ± 22.5 Ω cm 2 , and after HSA, 520 ± 5 Ω cm 2 , Figure 5d ) both showed good antifouling properties since the charge transfer resistance (R ct ) was similar before and after HSA incubation, indicating nonspecific proteins can be repulsed from the surface due to a hydrated layer formed by the interaction between the zwitterionic PPC moieties and water molecules. 40, 41 While for bare ITO ( Figure  5a ) and CP/ITO (Figure 5b ), the R ct value increased significantly (for bare ITO, R ct increased by almost 8 times after HSA incubation from 77 ± 1.6 Ω cm 2 to 686 ± 11 Ω cm 2 , and for CP/ITO, R ct increased by 50% from 414 ± 3.5 Ω cm 2 to 605 ± 13.7 Ω cm 2 ), indicating adsorption of HSA on such surfaces. It is worth noting that CP itself does not function as an antifouling layer; however, when it was grafted as a small percentage of the layer with PPC, it did not deleteriously affect the antifouling property of the surface as demonstrated by the almost nonvariance of charge transfer resistance in both the cases (Figure 5d) .
One final concern regarding this method of forming mixed layers was whether the subsequent grafting would increase the charge transfer resistance across these layers by redox species in solution. This is important as the entire purpose was to develop PPC as a low-impedance antifouling layer such that electron transfer could still efficiently proceed.
31 Figure S3 showed the blocking effect of such PPC/CP/ITO mixed layer surface from consecutive electrografting strategy with two clear redox peaks still clearly existing, implying that the mixed layer surface does not completely block electron transfer.
3.4. Functionalization of a Mixed Layer Surface with Ferrocene. To demonstrate that the carboxyl group in CP is free for further modification, ferrocene was attached to the surfaces of PPC/CP/ITO (200:1 surface ratio from consecutive electrografting), PPC−CP/ITO (surface ratio 6:1 from the simultaneous electrografting approach), and CP/ITO (control) with the aid of the EDC/NHS coupling reaction (Scheme 2). The electron transfer kinetics of the different surfaces was then examined using cyclic voltammetry and ac voltammetry (Creager method). 42 From the CVs, the coverage of the ferrocene can be estimated to be 3.21 × 10 −11 , 2.17 × 10 −11 , and 0.92 × 10 −11 mol cm −2 for the Fc/CP/ITO, Fc/PPC/CP/ ITO, and Fc/PPC−CP/ITO, respectively.
Ideally, the peak separation in CVs should be negligible for a well-defined redox system with the ferrocene and ferrocenium couple. In this case, the significant peak separation was noticeable for all surfaces, suggesting the electron transfer kinetics are slow on the time scale of the 0.1 V s −1 voltammetric scan. Smaller peak separation was found in Fc-CP/ITO compared to Fc/PPC−CP/ITO and Fc/PPC/CP/ITO, implying electron transfer kinetics on both mixed layer/ITO surfaces is much slower than that of CP/ITO surface ( Figure  S4 ). The calculated k et values using ac voltammetry are in line with expectation. The value of k et was determined to be 15.4 ± 2.2, 12.6 ± 1.7, and 2.7 ± 0.2 s −1 for Fc/CP/ITO, Fc/PPC/ CP/ITO, and Fc/PPC−CP/ITO, respectively ( Figure 6 ). The k et values calculated from the Laviron method were consistent with that from the Creager method (16.9 ± 0.3, 17.2 ± 2.5, and 1.1 ± 0.14 s −1 for three corresponding surfaces mentioned above) ( Figure S4 ). It is expected that k et is independent from the surface coverage of ferrocene but is dependent on the distance between the ferrocene and the electrode surfaces. 43, 44 For Fc/CP/ITO and Fc/PPC/CP/ITO surfaces the k et value is comparable to and bigger than that of Fc/PPC−CP/ITO, indicating the distance of ferrocene to the electrode surface is in the order of Fc/CP/ITO < Fc/PPC/CP/ITO < Fc/PPC−CP/ ITO.
It is clear that the electron transfer behavior is different between the mixed surface fabricated from simultaneous electrografting (Fc/PPC−CP/ITO) and consecutive electrografting (Fc/PPC/CP/ITO) procedures. It is exciting that CP groups on PPC can still allow sufficient electron transfer in the Fc/PPC/CP/ITO surface, while for Fc/PPC−CP/ITO, electron transfer is quite slow. Through the rough estimation of film thickness of the three surfaces using eq 2, it is in the order of PPC−CP/ITO (2.9 nm) < CP/ITO (3.1 nm) < PPC/ CP/ITO (3.5 nm). We believe that in the case of Fc/CP/ITO, the lower thickness of the CP layer leads to the shorter distance between the FC and the ITO electrode, resulting in a higher k et compared to the other two surfaces.
CONCLUSIONS
In this study, PPC and CP aryldiazonium salts with different reductive potentials were deposited simultaneously or consecutively on ITO to form mixed layer surfaces. Using a simultaneous electrografting strategy, more reactive CP cations always showed priority on the surface compared to PPC cations. A consecutive electrografting strategy was then applied by depositing PPC diazonium cations first with higher concentration and favorable potential followed by depositing CP diazonium cations. A 200:1 surface composition of PPC/ CP was achieved using a consecutive electrografting strategy. The resultant mixed layer ITO surface maintains its antifouling properties and has accessible carboxylic acid moieties available for ferrocene decoration. In the future, such versatile mixed layer/ITO platforms will be employed by decorating biological species like redox proteins, antibodies, or DNA to develop real biodevices as has just been demonstrated for the detection of DNA sequences. 
